Myelin is a multilamellar structure that surrounds axons, thereby increasing axonal conduction velocity. It is formed by the spiral wrapping of the cell membrane ofmyelinating glia-oligodendrocytes in the CNS and Schwann cells in the PNS. Although the myelin sheaths produced by these two cell types are structurally similar. they each contain a unique set of proteins (Sorton and Cammer. 1983) . Proteolipid protein (PLP). myelin basic protein (MBP). and mqelin-associated glycoprotein (MAC?) arc the major structural proteins in the C'NS, while I',), MBP, peripheral myelin protein-22 kDa . and MAC; are the major ones in the PNS (Lcmke, 1988: Spreyer et al.. 199 et al.. 1992) . Mlth the onset of mgelin sheath formation. the amount of each of these myelin proteins incrcaves sharply, both in the ('NS and in the PNS (Benjamins ct al.. 1975; Wood and Engel. !976: Uyemura et al.. 1979) . as does the rate of transcription and the stead!, state leycls of their mRNAs (Kanfer et al., 1989; Stahl et al., 1990; Wiktor-owicz and Roach. 1991) . Thus. there is a coordinate program of myelin gene expression. regulated at the 1~~1 of transcription.
that accompanies the synthesis of mlelin.
Oligodendrocytcs and Schwann cells differ-not only in their myelin-specific proteins. but also in their dependence on axonal interactions.
Cultured oligodendrocytes express relative11 high levels of myelin-related mRN,-\s and proteins in the absence of axons (,4bney et al.. 198 1: McMorris, 1983; Zeller et al.. 1985) , whereas cultured Schwann cells express only low levels of their mRNAs and proteins (Brockes et al.. 1980; Morrison et al., 199 1) . This difference in axonal dependence also occurs in 1'2~0. Axotomy ofthe optic nerve. a CNS fiber tract. causes the levels of PLP, MBP. and RIAG mRNA to fall b) about 50% (Goto et al., 1990; Kidd ct al., 1990; McPhilemy et al., 1990; Schcrer et al.. 1992) . whereas axotomy of the sciatic nerve. a peripheral nerve. causes the le\-els ofP,,. MBP. PMP-22, and M.4G mRNA to fall by at least 95?'o (Gupta et al.. 1988 (Gupta et al.. . 1990 Trapp et al., 1988; I,cBlanc and Poduslo. 1990: Snipes et al.. 1992) . The axonal dependence of myclin gcnc expression in Schwann cells is further exemplified b! the return of high Iclels of P,,. MBP. PMP-72, and MAC; mRNA in crushed peripheral nerves as axons I-egeneratc (Gupta ct al., 1990 : LeBlanc and Poduslo, 1990 : Snipes et al.. 1992 . Hence. even in the absence of axons. oligodcndrocytes develop, dlffcrentiate. and maintain a myelinating phenotype, whereas Schwann cells require axonal interactions both to initiate and to maintain their myelinating phenotqpe.
How axons initiate and maintain the myelinating phenotype of Schwann cells is unknown. but drugs, such as forskolin. that increase intracellular cAMP levels can mimic. at least in part. this effect. Forskolin decreases the expression of the low-affinity nerve grov,th factor receptor (NGFR) and increases the expression of P,, and MBP (Lemke and C'hao, 1988 : Monuki et al.. 1989 Morgan et al., 1991) . Since these effects parallel those observed in developing and regenerating peripheral nerves as axons interact with Schaann cells (Taniuchi et al., 1986 (Taniuchi et al., , 1988 upta et al.. 1988 : LeBlanc and Poduslo. 1990 : Scherer ct al.. 1993 ). it ma) bc possible to study the molecular events that accompany axon-Schwann cell interactions by treating Sch\vann cells with forskolin. Monuki et al. (1989 Monuki et al. ( . 1990 Monuki et al. ( , 1993 hale used this approach to analyze the expression of the transcription factor SCIP (for suppressed CAMP-inducible POIJ:
also called tst-1 and Ott-6; He et al., 1990; Suzuki et al., 1990) . SCIP is a member of the POU domain transcription factor family, and rapidly accumulates in forskolin-treated Schwann cells. The level of SCIP mRNA peaks prior to the peak in myelin gene expression both in forskolin-treated Schwann cells and in developing peripheral nerve, which led to the initial suggestion that SCIP might promote myelin gene expression (Monuki et al., 1989) . In cotransfection experiments, however, SCIP inhibited the activation of P,, MBP, and NGFR promoters (Monuki et al., 1990; He et al., 1991) . To reconcile these data, Monuki et al. (1990 Monuki et al. ( , 1993 postulated that SCIP is specifically expressed in proliferating Schwann cells prior to their differentiation into postmitotic, myelinating Schwann cells, and acts to inhibit the expression of Schwann cell-specific genes as they make the transition to the myelinating phenotype (Monuki et al., 1990) .
In order to test the above hypothesis, we examined SCIP expression in developing and lesioned rat sciatic nerves, in which the timing of Schwann cell proliferation and myelin gene expression are well described. SCIP mRNA expression peaked on the day of birth (Monuki et al., 1989) which is also the peak of Schwann cell proliferation, but is 2 weeks before the peak of myelin gene mRNA expression (Brown and Asbury, 198 1; Stahl et al., 1990) . After permanent axotomy, in which axonal regeneration is prevented, SCIP mRNA expression increased slightly but without a clear relationship to either the increase in Schwann cell proliferation or the fall in myelin gene mRNA expression. After nerve crush, in which axonal degeneration is promptly followed by axonal regeneration, SCIP mRNA expression increased to high levels in parallel to the ingrowth of regenerating axons, and preceded P, mRNA reexpression. In addition, axotomy of developing and regenerating nerves at times when SCIP levels were relatively high caused SCIP mRNA expression to plummet. Furthermore, immunohistochemical staining demonstrated that the number of SCIP-positive Schwann cells parallels the expression of SCIP mRNA in developing, degenerating, and regenerating nerves, and that SCIP-expressing Schwann cells are intimately associated with axons. These data show that SCIP expression depends on axon-Schwann cell interactions in both developing and regenerating nerves. We hypothesize that SCIP is transiently expressed by Schwann cells as they ensheathe axons, and mediates some axon-dependent changes in Schwann cell gene expression.
Materials and Methods
Sciatic nerve transection and crush. Using aseptic technique, the sciatic nerves ofanesthetized (50 mg/kg pentobarbital, i.p.), adult (1 O-l 3-weekold) Sprague-Dawley rats were exposed at the sciatic notch. Some nerves were doubly ligated, and transected with iridectomy scissors, and the two nerve stumps were sutured at least 1 cm apart; this technique prevents axonal regeneration to the distal nerve stump for at least 2 months. Nerve crush was produced by tightly compressing the sciatic nerve at the sciatic notch with flattened forceps twice, each time for 10 set; this technique causes all of the axons to degenerate, but allows axonal regeneration. We also transected the sciatic nerves of newborn rats, without ligating them as in adult animals, and analyzed them after 2 d, which is insufficient time for axonal regeneration. At varying times after nerve injury, the animals were killed by CO, inhalation, the distal nerve stumps were removed, and the most proximal 2-3 mm was trimmed off. For transected nerves, the entire distal nerve stump was taken from just below the lesion to the ankle (about 4 cm long). For crushed nerves, the distal nerve stump was divided into two equal segments, termed the proximal and distal segments, each about 2 cm long. The nerves were immediately frozen in liquid nitrogen and stored at -80°C. Unlesioned sciatic nerves were obtained from animals of varying ages, from Pl (the day after birth) to P90. All animal protocols were approved by the Institutional Animal Care and Use Committee of The University of Pennsylvania.
Northern blotting. RNA was isolated from rat sciatic nerves by CsCl, gradient centrifugation (Chirgwin et al., 1979) . Equal samples (10 pg) of total RNA were electrophoresed in 1% agarose, 2.2 M formaldehyde gels, transferred to nylon membranes (Duralon, Stratagene, La Jolla, CA) in 6 x saline-sodium citrate @SC) and UV cross-linked (0.12 J).
Blots were prehvbridized. hvbridized. and washed using standard techniques (Sambrook et al., 1989) . For'rat cDNA probes, the final wash was in 0.2 x SSC at 65°C for 30 min; for human cDNA probes, it was 2x SSC at 60°C for 30 min. The following cDNAs were utilized as probes-a 0.9 kilobase (kb) XhoI-Sac11 fragment of rat SCIP (Monuki et al., 1989 ) a full-length cDNA (2.0 kb) of rat P, (Lemke and Axel, 1985) a 0.7 kb BamHI fragment of rat NGFR (Radeke et al., 1987) , a 0.3 kb PvuII fragment of human histone H-3 (pFF435C; Plumb et al., 1983 ) and a full-length (1.3 kb) cDNA of rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Fort et al., 1985) . Plasmid inserts were isolated after restriction endonuclease digestion, separated by agarose gel electrophoresis, and purified by electrolution. 3*P-labeled cDNA probes with specific activities of 2-5 x lo9 cpm/pg were prepared by primer extension with random hexamers using the Prim-a-gene kit (Promega, Madison, WI) according to the manufacturer's instructions. Where indicated, exposed x-ray films were scanned with a Zeineh laser densitometer.
Schwann cell-neuron cocultures. Lumbar dorsal root ganglia (DRG)
were obtained from E7 chicken embryos and cultured on laminin-coated 35 mm plastic dishes in Dulbecco's modified Eagle's medium/F-12,5% fetal calf serum, 20 &ml nerve growth factor, and 2 mM glutamine. After 2 d in culture, the ganglia were treated for 3 d with 10 FM cytosine arabanoside to eliminate non-neuronal cells, and after 7 d in culture, rat Schwann cells (Brockes et al., 1979) were added. After a total of 10, 15, or 19 d in culture, the cultures were fixed in 4% paraformaldehyde in PBS for 15 min, and successively incubated for 15 min each in the following: (1) 100 mM Tris (pH 7.4) containing 1% Triton X-100, 1 mM EDTA. 1% 2-mercantoethanol. (2) 10 mM BO, (DH 9.2) containing 10 rnM dithiothreitol (DTT), and (3) i0 mM BO, (pH 9.2) containing 0.3% H>O,. The cultures were incubated for 60 min in a 1: 10 dilution of polyclonal rabbit antibody against rat SCIP, extensively washed, and then incubated for 60 min in FITC-conjugated goat anti-rabbit antibody (Kuhn et al., 199 1; Collarini et al., 1992) . The nuclei were counterstained with propidium iodide.
Histology. For immunohistochemistry, the distal nerve stumps of transected and crushed rat sciatic nerves, as well as unlesioned nerves, were fixed in Bouin's solution and embedded in paraffin so that transverse and longitudinal sections were obtained. After deparaffinization, endogenous peroxidase was blocked by incubation in hydrogen peroxide/methanol, and nonspecific binding was blocked by preincubation of the sections with 2% fetal calf serum. The sections were incubated overnight at 4°C with a 1: 10 dilution of the primary antibody against SCIP (Kuhn et al.. 199 1: Collarini et al.. 1992) . After incubating with the primary antibody, the sections were' washed extensively and then incubated with a biotinylated goat anti-rabbit IgG and avidin-peroxidase complex according to the manufacturer's instruction (Vectastain, Vector Laboratories, Inc., Burlingame, CA), and reacted with indophane as the substrate for peroxidase. Nonimmune serum was used as a control. In some experiments, the SCIP antibody and a monoclonal mouse antibody against neurofilament (RMO 108; Carden et al., 1987) were used together. The SCIP antibody was visualized as above, but the monoclonal antibody was visualized with fluorescence microscopy, after exposing the sections to fluorescein-conjugated donkey anti-mouse antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA). Schwann cell nuclei were not labeled in developing, transected, or crushed nerves when normal rabbit serum was substituted for the SCIP antibody. Some sections were counterstained with 1 &ml solution of 4',6-diamidino-2-phenylindole (DAPI) to visualize nuclei. Some nerves were fixed in 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). After washing in buffer, they were osmicated, dehydrated, and embedded in Epon. Sections were cut at 1 pm and stained with a combination of methylene blue, azure II, and basic fuchsin (Richardson et al., 1960) .
Results

SCIP expression in degenerating and regenerating nerve
In order to determine the effect of axons-Schwann cell interactions on SCIP expression, we examined the expression of SCIP The number of days after each of these lesions is indicated; the "0" time point is from unlesioned nerves. In crushed nerves (B), the distal nerve stumps were divided into proximal (P) and distal (D) segments of equal lengths. The blots were successively hybridized with a radiolabeled cDNA probe for SCIP, PO, NGFR, histone H-3 (H-3), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The films were exnosed for the followina times: SCIP (A and B. 5 d: C. 7 d). P, (A and B, 12 hr; C, 2 hr), NGFR (A and B, 1 d, C, 3 d), H-3 (A-C, 16 hr), and GAPDH (A and B, 16 hr:C, 6 hr). ~ II YI mRNA in transected and crushed adult rat sciatic nerves. Our method of transection caused Wallerian degeneration, but prevented axonal regeneration in the distal nerve stump for at least 2 months (data not shown). Nerve crush also caused Wallerian degeneration, but allowed axonal regeneration into the distal nerve stump by 8 d postlesion (data not shown). Thus, by comparing the results following nerve crush to those following nerve transection, the changes in gene expression that depend on axonal regeneration can be inferred. The steady state level of SCIP mRNA was relatively low in unlesioned adult nerves and appeared to increase slightly in the distal nerve stumps between 1 and 12 d posttransection (Fig.  1A) . The highest level of SCIP mRNA occurred at 2 d posttransection (data not shown), as previously found by Monuki et al. (1990) ; by densitometry, this peak was threefold higher than the level in unlesioned nerves. Thus, there was a low level of SCIP mRNA in adult nerve, and it increased transiently during Wallerian degeneration.
Reprobing the same blot allowed us to compare the changes in SCIP mRNA expression to those of P0 and NGFR (Fig. IA) , which are known to change during Wallerian degeneration (Gupta et al., 1988; Mokuno et al., 1988; Trapp et al., 1988; Monuki et al., 1989; . The steady state level of P, mRNA was highest in unlesioned nerves and fell dramatically between 1 and 4 d posttransection, and remained at this low level for at least 58 d. In contrast, NGFR mRNA was barely detectable in unlesioned nerves, but increased markedly between 1 and 4 d posttransection-exactly the opposite pattern of P,, mRNA. The steady state level of histone H-3 mRNA, which correlates with the mitotic activity (Plumb et al., 1983) rose to a peak between 4 and 8 d posttransection, and then fell sharply; this parallels the profile of Schwann cell proliferation during Wallerian degeneration (Bradley and Asbury, 1970) . To show that these changes were not simply due to differences in the amount of RNA per lane, we reprobed the blot for GAPDH mRNA, which yielded approximately equal signals for all of the samples. Since the profile of SCIP mRNA expression does not parallel those of P,, NGFR, or histone H-3, it is possible that SCIP is not involved in the transcriptional changes that occur during Wallerian degeneration of adult nerve.
We also analyzed the steady state level of SCIP mRNA in the distal nerve stumps of crushed nerves. We divided the distal nerve stumps of crushed nerves into a proximal and a distal segment, as axons regenerate in a proximal-to-distal direction.
This analysis allowed a better appreciation of the axonal dependence of Schwann cell gene expression , as shown in Figure 1 B. The level of SCIP mRNA was unchanged at 4 d postcrush, but increased dramatically in the proximal segment beginning at 8 d, and in the distal segment beginning at 12 d, these times correspond with the arrival of large numbers of regenerating axons into these portions of the distal nerve stump (data not shown). The level of SCIP mRNA peaked at 12 d in the proximal segment, and at 24 d in the distal segment, and was still elevated in both segments at 58 d. By densitometry, the peak level of SCIP mRNA in the proximal segment at 12 d was IO-fold higher than that in unlesioned nerves. Hence, both the high level of SCIP mRNA in crushed nerves and the time course of its expression indicate that regenerating axons led to the increased expression of SCIP. In order to compare the expression of SCIP mRNA in the distal nerve stumps of crushed nerves to the those of P,, NGFR, and histone H-3, the blot was reprobed (Fig. 1B) . The steady state level of P,, mRNA initially fell abruptly, but returned by 12 d postlesion in the proximal segment, and by 24 d in the distal segment; by 58 d the levels in both segments were roughly equal. In contrast, NGFR mRNA was barely detectable in unlesioned nerves, increased markedly between 1 and 4 d postcrush, and fell markedly after 12 d postcrush. The steady state level of histone H-3 mRNA increased abruptly after crush, peaking between 4 and 8 d, and then fell gradually between 12 and 58 d postlesion. These data differ from those in transected nerves in several respects, all of which are inferred to be related to the influence of regenerating axons on Schwann cells: the reexpression of P, mRNA, the earlier and more complete fall in NGFR mRNA, and the sustained level of histone H-3 mRNA between 12 and 58 d postlesion are consistent with previous reports that axons upregulate myelin gene expression, downregulate NGFR expression, and cause Schwann cell proliferation, respectively (Pelligrino and Spencer, 1985; Taniuchi et al., 1986 Taniuchi et al., , 1988 Mokuno et al., 1988; Gupta et al., 1990; LeBlanc and Poduslo, 1990; Monuki et al., 1990; Snipes et al., 1992; .
To substantiate further the role of regenerating axons in the upregulation of SCIP mRNA expression, we transected the left sciatic nerve 24 d after crush, when SCIP mRNA levels were relatively high. 'These animals were killed after 2 additional d, and KNA was prepared from the distal stumps of these relesioned nerves and from the contralateral ones, which had been crushed 26 d earlier. Figure 1 C is a Northern blot prepared from these samples, and shows that the steady state level of SCIP mRNA fell 2 d posttransection.
The blot was reprobed. revealing that the levels of P, and NGFR mRNA fell and rose, respectively, just as in nerves that were lesioned once. In contrast, histone H-3 mRNA levels did not change, presumably because 2 d was too brief for degeneration-dependent proliferation to occur. These data, taken together, demonstrate that axons upregulate SUP mRNA expression in regenerating peripheral nerves, and that this upregulation requires sustained axon-Schwann cell interactions.
Furthermore, the profile of SCIP mRNA expression more closely parallels that of myelin gent expression than proliferation in regenerating nerves.
SCIP expression in developing nerve
Since axon-Schwann cell interactions were necessary for the high levels of SCIP expression in regenerating adult peripheral nerves, we also examined the level of SCIP mRNA during development. As previously reported (Monuki ct al., 1989) , it was highest at P 1 and declined rapidly thereafter ( Fig. 2A) . Reprobing the blot demonstrated that NGFR and histone H-3 mRNA expression had similar developmental protiles, whereas P, mRNA expression increased from Pl to a peak at P33 (Monuki et al.. 1989 : Stahl et al., 1990 . These data show that in developing nerves, in contrast to regenerating nerves, the profile of SCIP mRNA expression correlated with Schwann cell proliferation, and not with myelin gene expression.
To show whether axons were necessary for the high level of SCIP mRNA in developing nerves, the left sciatic nerve was transected on Pl and the animals were killed 2 d later. RNA was isolated from both the transected and the unlesioned contralateral nerves. and analyzed by Northern blotting (Fig. 2B) . The steady state levels of SCIP, P,,, and histone H-3 mRNA all fell markedly in the distal nerve stumps 2 d posttransection, whereas the steady state level ofNGFR mRNA increased. Hence. in developing nerves, axotomy markedly decreased the expression of myelin genes and increased the expression of NGFR mRNA, just as in adult nerves (Brockes et al., 1980; Mirsky et al., 1980; Winter et al., 1982) . In addition, axotomy decreased Schwann cell proliferation (Komiyama and Suzuki, 1992) . This decreased proliferation is probably caused by the degeneration of axons, which contain mitogens for Schwann cells (Wood and Bunge, 1975) . Thus, sustained axon-Schwann cell interactions are necessary for the normal pattern of Schwann cells gene expression during peripheral nerve development.
Immunohistochemistr.y of SCIP in peripheral nerve
To identify SUP-expressing cells in developing sciatic nerves, we used a previously characterized polyclonal antibody against SCIP (Kuhn et al., 199 1; Collarini et al., 1992) . Only Schwann cell nuclei were labeled, which have a characteristic elliptical shape that distinguishes them from the nuclei of endoneurial fibroblasts, mast cells, and capillary endothelial cells (Asbury and Johnson, 1978) . There were many SCIP-positive nuclei at Pl, P3, P5, and PI0 (Figs. 3, 4 ), but it was not possible to determine accurately whether the absolute or even the relative numbers of SCIP-positive nuclei changed between Pl and PlO because the number of positive nuclei varied significantly between dilferent nerve fascicles. and the difficulty in counting unlabeled nuclei. We could only roughly estimate the relative number of SCIP-positive nuclei by comparing the number of SCIP-positive to DAPI-positive nuclei in the same microscopic field. .4t most, 10% of the Schwann cell nuclei were SCIP positive between PI and P 10, and many areas contained fewer labeled nuclei. The number of SCIP-positive nuclei was clearly lower by P20, and none were seen in P90/adult nerves (Figs. 3,  4) . Since SCIP expression paralleled proliferation in developing nerves, it was of interest that none of the mitotic figures was immunoreactive for SCJP. Thus, it is possible that SCJP is not expressed in proliferating Schwann cells in developing nerves, although we cannot exclude other explanations for this observation. These data show that only Schwann cells express SCIP immunoreactivity, the extent of which roughly parallels SCIP mRNA expression in developing nerves. Furthermore, the lack of SUP-positive Schwann cells, along with the low level ofSCIP mRNA in adult nerves, indicates that mature myelinating and nonmyelinating Schwann cells express relatively little SUP. To learn whether axons were necessary for the expression of SCIP protein during development, we analyzed P3 nerves that had been axotomized at PI. Examining 1 -@m-thick epoxy sections revealed that extent of myelination (both the number of myelinated axons and the myelin sheath thickness) varied considerably between different fascicles at P 1 (Webster and Favilla, 1984) . and that transection at Pl caused all of the myelinated axons to degenerate by P3 (data not shown). We also examined unlesioned P3 nerves and P3 nerves that had been transected at Pl by labeling them with antibodies against neurofilament and SC'IP. In unlesioned nerves, there were many SCIP-positive nuclei, the number of which varied between different fascicles. The ncurofilament-positive axons intermingled extensively with the SCIP-positive nuclei, so that it was not possible to relate individual labeled nuclei to individual axons (Fig. 4 /t,@. In lesioned nerves, there was a dramatic loss of both axons and SCJP-positive nuclei (Fig. 4C,D ). These data demonstrate axotomy of developing nerves causes the number of SCIP-immunoreactive nuclei to fall in parallel with the fall in SCIP mRNA (see above), further substantiating the idea that SCIP expression during development depends on axon-Schwann cell interactions.
To correlate the expression of SCIP mRNA and with SCIP immunoreactivity after nerve lesions, we examined sections of the distal nerve stumps of transected and crushed adult nerves staining but an unstained nucleus (n), and a capillary endothelial cell (c). The labeling in the mast cell cytoplasm is caused by endogenous perosidase activity, as mast cells were also labeled when the primary antibody was omitted.
Scale bar, 10 pm.
labeled with the combination of neurofilament and SCIP antibodies. There were no SCIP-immunoreactive Schwann cell nuclei at 2, 12, 24, and 58 d posttransection (Fig. 5A) , which is in keeping with the Northern blot data. In crushed nerves, in contrast, there were many SCIP-positive Schwann cells at 12, 24, and 58 d postlesion. SCIP-positive nuclei were far more numerous than mitotic figures at these times, and no SCIP-positive mitotic figures were seen. The double labeling of sections for neurofilaments and SCIP allowed us to determine that SCIPpositive Schwann cells were almost always clearly associated with regenerating axons, examples of which are shown in Figure  5 , B and C. Moreover, at 12 d postcrush, there was a proximalto-distal gradient of regenerating axons and SCIP-positive Schwann cells. The most intensely stained Schwann cell nuclei were typically associated with relatively large axons in the proximal segment (Fig. 5B) , whereas the thinner axons in the distal segment were associated with lightly stained nuclei. At 24 and 58 d postcrush, we did not appreciate a gradient in the number of either regenerating axons or SCIP-positive Schwann cells in the distal nerve stump. These data demonstrate that the upregulation SCIP immunoreactivity in regenerating nerves happens when regenerating axons interact with Schwann cells. While it seems more likely that direct physical interaction between regenerating axons and Schwann cells is necessary for the upregulation of SCIP, these data do not exclude the possibility the signal for SCIP upregulation is diffusible and acts over short distances (Bolin and Shooter, 1993) .
Immunocytochemistry of SCIP in Schwann cell-neuron cocultures
While the above data clearly demonstrate that SCIP-positive Schwann cells ensheath axons, we were unable to determine exactly which Schwann cells were labeled. Webster and Favilla (1984) have described several possible relationships between Schwann cells and the axons they invest leading to the formation of mature myelinating and nonmyelinating Schwann cells. Hence, it is possible that SCIP is uniquely expressed by a subpopulation of ensheathing Schwann cells. To better characterize SCIP-expressing Schwann cells, we examined cocultures of rat Schwann cells and chicken DRG under conditions that did not permit myelination. After 2 d of coculture, there were proliferating Schwann cells in contact with neurites (Wood and Bunge, 1975) but no SCIP-immunoreactive nuclei were seen (data not shown). After 8 d of coculture, there were scattered regions that contained SCIP-positive Schwann cell nuclei; these were always in regions that contained neurites (seen by phase-contrast microscopy), but even in net&e-rich regions, only a small proportion of the Schwann cell nuclei were labeled. Some of the labeled Schwann cell nuclei formed a striking, linear pattern that precisely paralleled the orientation of neurites in that region (Fig.  6) . By 12 d of coculture, the number of SCIP-positive Schwann cell nuclei had decreased substantially. At no time were myt April 1994 April , 14(4) 1937 elinated fibers seen in these cocultures, and Schwann cells cultured for a similar length of time in the absence of neurities were not SCIP positive. Thus, in this coculture system SCIP is transiently expressed by nonproliferating Schwann cells as a result of axon-Schwann cell interactions.
Discussion
We have investigated the expression of SCIP in the sciatic nerve during development, Wallerian degeneration, and axonal regeneration. Figure 7 is a schematic comparison of the pattern of SCIP mRNA expression to those of P,, NGFR, and histone H-3. In agreement with the findings of Monuki et al. (1989) the level of SCIP mRNA is highest at birth and falls as the level of P, mRNA is increasing. The increase in SCIP mRNA expression in transected nerves (Monuki et al., 1990) however, was much smaller than that in crushed nerves. These data suggest that high levels of SCIP mRNA and protein depend on axon-Schwann cell interactions, which we have directly demonstrated in two additional ways. First, axotomy at birth or during axonal regeneration of adult nerves results in a prompt fall in the level of SCIP mRNA and number of SCIP-positive Schwann cell nuclei. Second, in developing and regenerating nerves, as well as in Schwann cell-neuron cocultures, SCIPpositive Schwann cells were only seen in association with axons/ neurites. Hence, SCIP expression depends on axon-Schwann cell interactions, and its transient expression in developing nerves indicates that it may mediate some of the changes in Schwann cell gene expression that are associated with axonal ensheathment.
SCIP and axon-Schwann cell interactions
The transient expression of SCIP in developing nerves has important implications regarding its role as a transcription factor in Schwann cells. If the effect of SCIP as a transcription factor can be directly related to its mRNA level, then we may infer SCIP is unlikely to mediate the different patterns of gene expression that characterize myelinating and nonmyelinating Schwann cells, which are the two kinds of Schwann cells in unlesioned adult peripheral nerve (Mirsky and Jessen, 1990) . Nonmyelinating Schwann cells ensheath but do not myelinate axons, and express glial fibrillary acid protein (GFAP), NGFR, neural cell adhesion molecule (N-CAM), and the cell adhesion molecule Ll, but not P,, MBP, PMP-22, and MAG (Mirsky and Jessen, 1990; Snipes et al., 1992) . Conversely, myelinating Schwann cells express P,, MBP, PMP-22, and MAG, but none of the markers of nonmyelinating Schwann cells (Mirsky and Jessen, 1990) . Since the level of SCIP mRNA is low and SCIPimmunoreactive Schwann cell nuclei are absent in adult nerve, SCIP is unlikely play a role in maintaining either the myelinating or the nonmyelinating phenotype. Similarly, after permanent axotomy, SCIP mRNA expression increases only modestly, and SCIP-immunoreactive Schwann cell nuclei are absent, making The dark cell is a mast cell, which has cytoplasmic staining owing to endogenous peroxidase activity, but an unstained nucleus (n). D, DAPI staining of the same field shown in C. Scale bar, 10 pm. it unlikely that SCIP plays a role in mediating the profound changes in Schwann cell gene expression that follow the loss of axonal interactions (reviewed by Mirsky and Jessen, 1990; Scherer and Asbury, 1993) .
Rather, the pattern SCIP expression in developing and regenerating nerves indicates that it is one of the first genes to be upregulated by axon-Schwann cell interactions and, hence, is well suited to regulate the expression of other axonally dependent genes. SCIP mRNA expression in developing and regenerating nerves precedes the upregulation of myelin-related mRNAs, as in forskolin-treated Schwann cells (Monuki et al., 1989) . What role SCIP plays in Schwann cells as they interact with axons is not known, and it will be crucial in this regard to learn exactly which Schwann cells express SCIP. Electron microscopy of developing nerves reveals a variety of possible axonSchwann cell interactions during enstheathment -mitotic Schwann cells in contact with axons, Schwann cells ensheathing bundles of axons, and Schwann cells in various stages of forming a myelin sheath around an axon (Webster and Favilla, 1984) . All of these axon-Schwann cell relationships are also seen in regenerating nerves (Morris et al., 1972; Scherer and Easter, 1984) . Thus, it is likely that the same kind(s) of Schwann cells express SCIP in developing and regenerating nerves, so that SCIP may serve a similar role in both situations. Some possible roles of SCIP in Schwann cells are considered below.
SCIP and Schwann cell proliferation Do proliferating Schwann cells express SCIP? In developing sciatic nerve, SCIP levels and Schwann cell proliferation fall in parallel (Brown and Asbury, 1981; Monuki et al., 1990) . Furthermore, SCIP is expressed at high levels in Schwann cells cultured with forskolin, which is a mitogen for Schwann cells (Monuki et al., 1989) . Finally, there is a small peak of SCIP mRNA expression prior to the onset of proliferation in transected nerves (Monuki et al., 1990) . While these findings support the idea that proliferating Schwann cells express SCIP, several others contradict it. First, we did not find any mitotic figures that were SCIP positive. Second, at the peak of Schwann cell proliferation in Wallerian degeneration, SCIP mRNA levels have already declined (Fig. 7) . Third, in crushed/regenerating nerves, there was no relationship between SCIP mRNA levels and proliferation (Fig. 7) , and SCIP-positive cells were much more numerous than mitotic Schwann cells.
One hypothesis that would be consistent with these data is that SCIP is related to Schwann cell proliferation only in developing nerves. We have shown that axotomy of Pl nerves leads to a reduction of Schwann cell proliferation, which is probably due to the loss of an axonal mitogen(s) (Wood and Bunge, 1975; Salzer et al., 1980a,b; Ratner et al., 1988) . Perhaps the axonal mitogen that causes Schwann cell proliferation in developing nerves leads to increased SCIP expression, whereas the mitogen(s) that causes proliferation in degenerating nerves, which may originate from myelin sheaths (Salzer and Bunge, 1980; Baichwal et al., 1988) generating axons (Pelligrino and Spencer, 1985) is caused by yet another mitogen that does not increase SCIP expression, as proliferation and SCIP expression are not correlated in regenerating nerves. Although we consider it unlikely, it remains a formal possibility that SCIP expression is linked to Schwann cell proliferation in some instances and not in others.
SCIP and ensheathing Schwann cells
In developing and regenerating nerves, there are at least two kinds of ensheathing Schwann cells. Some ensheathe bundles of axons ("premyelinating" Schwann cells), whereas others, socalled "promyelinating" Schwann cells, ensheathe single axons before forming a myelin sheath (Morris et al., 1972; Scherer and Easter, 1984; Webster and Favilla, 1984) . We suspect that SCIP is expressed by promyelinating Schwann cells, as in regenerating nerves, there were many, strongly SCIP-positive Schwann cells that appeared to be associated with relatively large, single axons. This observation needs to be confirmed by electron microscopy, as the the resolution of light microscopy is insufficient to allow us to distinguish single axons from bundles ofaxons confidently (Scherer and Easter, 1984) . In addition, SCIP is expressed in tellurium neuropathy, which a purely demyelinating neuropathy in which Schwann cells remain in a 1: 1 association with demyelinated axons (Toews et al., 199 1) . The prolonged period of SCIP expression in the distal nerve stump of crushed nerves is not inconsistent with the idea that SCIP is expressed in promyelinating Schwann cells, as the remyelination of regenerated axons is similarly prolonged (Gutmann and Sanders, 1943; Mira, 1976) . Thus, while these data indirectly support the conclusion that SCIP is expressed by promyelinating Schwann cells, further work is required.
We have shown that axotomy causes SCIP expression to fall in developing nerves. It is also important to consider what causes SCIP expression to fall in normal development, in which Schwann cells remain associated with the axons they ensheath and/or myelinate. It is not an irreversible change in Schwann cells, as regenerating axons in adult nerves can reinduce SCIP expression. In addition, forskolin maintains indefinitely the expression ofSCIP in cultured Schwann cells (Monuki et al., 1989) , indicating that Schwann cells may be able to maintain its expression. The transient expression of SCIP in normal development could be caused by a transient, axonal stimulus. Alternatively, the axonal signal could be maintained, and the expression of SCIP actively suppressed, in the Schwann cells of adult nerves. While we do not have any data that bear directly on this issue, the possibility that SCIP expression is actively and crushed/ regenerating rat sciatic nerves (C). The films shown in Figures 1 and 2 were analyzed by densitometry, and the highest signal on each film was assigned a value of 100. In crushed nerves, we used the value of the proximal portion of the distal nerve stump at 8, 12, 24, and 58 d postlesion. In this way, the relative levels of P,, NGFR, and histone H-3 mRNA were determined for each blot. To normalize the relative changes in SCIP mRNA in transected and crushed nerves, however, we compared signals on a blot (not shown) that contained samples from transected nerves and from the peak of SCIP mRNA expression in crushed nerves.
suppressed fits the fact that SCIP mRNA is transiently reexaxon bundles) and/or early myelinating Schwann cells, remains pressed after transection of adult nerves.
to be established. These data lead us to revise the model of the role of SCIP in Schwann cells proposed by Monuki et al. (1990) . They postulated that SCIP was expressed in proliferating Schwann cells that are in a transition state between "premyelinating" and myelinating Schwann cells, and that it serves to inhibit the expression of NGFR and the major myelin genes. This transient population of Schwann cells was postulated to exist in developing nerves, presumably associated with axons, as well as after axotomy of adult nerves. Our data lead to the following refinements in this model. First, SCIP is not exclusively expressed by proliferating Schwann cells, as exemplified by its expression in crushed/regenerating nerves. While proliferating Sc,hwann cells express SCIP in some circumstances (such as forskolin-treated Schwann cells; Monuki et al., 1989) whether this is also true in developing nerves and degenerating nerves needs to be substantiated. Second, the model also needs to incorporate the finding that axon-Schwann cell interactions are necessary for high levels of SCIP expression. Hence, axotomy does not lead to the formation of a population of transitory SCIP-positive cells unless it is followed by axonal regeneration. Third, SCIP is transiently expressed in ensheathing Schwann cells, but whether these cells are exclusively "promyelinating" (ensheathing axons in a 1:l manner), rather than "premyelinating" (ensheathing
